This r eport summari zes the r es ults of stud y made on two varieties of asbestos-cem ent pipe involving the expos ure to 15 different soils for periods up t o 11 years. The soils ran ge from well-aerated types deficien t in water soluble salts to very p oorly aerated o nes con taining high concentrations of soluble material. Th e eff ects of expos ure to t he soils on t he m echanical and physical properties of asbestos-cem ent pipe are indi cated by m eas urements of h ydrostatic burst ing press ure, crushing str en gth , water absorption, apparent specifi c gravity and by observations of t he condition of t he s urface of the specimens re moved . Bursting and crushing stren gths of t he pipe samples, afte r exposure, were without exception higher t han the requirem ents of t he Federal specifications for t his clas of m aterial.
Introduction
The lack of infonnation on the effect of exposure to differ ent so il conditions on the properties of asbestos-cement pipe prompted the National BUTeau of Standards to include two varieties of this material in its comprehensive fi eld investigation s of materials for underground construction including ferrous and nonferrous mctals [1 , 2] .l The usual composition of asbestos-cemcnt pipe is four parts of portland cem ent and one part of asbestos fibers, to which silica Hour is sometimes added. In the manufacture of pipe, a felted asbestos-cement sheet, or lamination, is applied continuously to a revolving st eel mandrel on which the material is compacted and finishformed under heavy pressure rollers, after which the pipe is subj ect ed to a curing operation. It is u cd in the United States for transporting water and sewage, farm irrigation, mine drainage, salt water disposal , and for handling industrial process liquids.
In 1937, 10 samples of 6-in. pipe, made by a process to b e described, were installed at each of 15 test sites to provide for removal of two samples after each of five periods of exposure. Samples were removed from each site in 1939, 1941 , 1946, and 1948 and returned to the laboratory for evaluation of the effect of underground exposure on the properties of the material. On the occasion of the removals in 1939, lengths of 4-in. pipe, manufactured by :it. slightly different process, were buried at the same sites. Two samples of this material were removed from each site after exposures of 2, 7, and 9 years. B ecause it was necessary to discontinue the tests at one site in 1946 , six samples of the 6-in. pipe and 10 samples of the 4-in. pipe were removed from this location at that time. Two samples of the 6-in. pipe and four samples of the 4-in. pipe are currently exposed at each of the other 14 sites.
This report deals with the specimens that were removed after different periods of exposure, up to 11 years for the 6-in. specimens and up to 9 years for the 4-in. specimens. A brief discussion of the 2-and 4-year exposures of the 6-in. pipe only, was included in a Bureau circular on underground cor1'o-I Figures in brackets indi cate tbe li te rature refere nces at the end of this paper.
sion [3] . Fina l conclusions of this investigation will b e deferred until th e completion of examination of th e r emaining specimens still being exposed.
Properties of the Soils at the Test Sites
The test ite were selected as r epresenta tive of a wide variety of soil conditions, as indicated by their chemical and physical propertie (table 1) . For example, the soil range from extrem e acidity, pH 2.6 to high alkalinity, pH 9.4. )'Ieas uremen ts of pH and total acidity were made on samples of soil shipped from the test sites in sealed container to prevent drying. This precaution was taken to prevent a eration of certain poorly aerated soils because previous study had shown t hat oxidation of sulfLdes to sulfates eau ed a marked increase in acidity [4] . As a r esult, the pH values and total acidity of the soils in table 1 differ from previou ly reported values [5] , which were determined after the soil samples had b een dried and pulverized .
The texture of the soils and r etentiveness of moisture are indicated relatively by values for the moisture equivalen t, that is, the quan tity of water r etained by a previously saturated soil against a centrifugal force of 1,000 times gravity. Since the true specific gravities of the mineral portions of different soils vary only slightly, the apparent specific gravity, except in the case of organic oils, can be taken as a measure of compactness and h ence as a relative m easure of porosity. A soil having a very high moisture equivalent and a high specific gravity, such as Acadia clay (soil 51), may be considered to have a very fine texture, high moisture retention, and to be very dense, and impermeable to the flow of ail' and water. Tlus is confirmed by the poor aeration or drainage of th e soil as observed in the field. On the other hand, the sample of Hagerstown loam (soil 55), despite its rather high moisture equivalent (3 2 percent), is typical of a very porous and well aerated soil, as is indicated by the low apparent specific gravity, 1.49 .
The electrical resistivities of the soils range from 62 ohm-cm, indicating a high concentration of soluble salts, to 17,800 ohm-cm, indicating the practical absence of such salts (table 1) . Other marked differences are indicated by the composi tion of th e water-soluble material in th e soils, as for example, th e preponder ance of chloride in soil 64 and of sulfate in soil 60. The soils were classified according to type of environment, as indicated in table L The soils, excepting cinders, are placed in two main divisions dep ending on whether they are inorganic or organic. The inorganic soils are then divid ed into two groups according to their oA--idizing or reducing nature. Finally, the soils within t h e groups are classified according to whether they were acid or alkaline. All of the organic soils were r educing and acid in reaction. The wide differ en ces in the conditions of exposure at the test sites are indicated in figme L Thus, aeration was good at site 55, fair at si te 70, and very poor at sites 56 and 63 . The marmer in whiCh the specimens were buried is shown in figure I ,D .
. Description of the Materials
The two varieties of asbestos-cement pipe included in the field tests differ chiefly in method of manufacture. The 6-in. specimens buried ill 1937 wer e fabricated from a thin slurry of portland cement and properly prepared asbestos fibers, which was picked up as a continuous sheet from the contain er vat on the wire screen surface of a partly immersed, rotating
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T est sites ill'ustrating the environmental conditions to which specimens of asbestos-cement pi pe were exposed. cylinder mold. Thi.s sheeL, ranging in thickness from 0.010 to 0.020 in., had a width equal to the full length of the pipe sections being manufactured. The sheet was transferred from th e mold to an endless felt belt, carried forward over a vacuum chamber to remove excess water, and again transferred to a mandrel on which the pipe was formed continuously until the required wall thickness was attained under h eavy compressive force exerted by a system of pressure rollers. The pressure applied during the process was not sufficient to cause any change in the ch emi cal propr.rties or structure of the portland cem ent.
The 4-m. specimens buried in 1939 were fabricated by essentially the same process, excep t that the mandrel \vas held in contact ' with the felt by compressing rollers. There wer e six felts, each about 10 m . wide. The mandrel was spiraled h elically forward through the machine at the rate of about 1 in. per r evolu tion, and the pipe was built up during this process.
When the requirecl thickness was reached by either process, th e seal between th e mandrel and the pipe wa released by the in troduction of air between the mandrel surface and the pipe. This operation, necessarily carried out without the high pressures used while the pipe was being formed, added a small thiclmess of relatively uncompacted stock to the outside surface. This stock was in excess of the designed wall thickness and is Imown as th e calendar layer. It was noted prior to exposing the sp ecimens at the test sites that the calendar layer was slightly softer than the main body of th e pipe.
After removal from the mandrel, the 6-in . pipe was cured by a high-pressure steam process in which heat and pressure were applied to th e pipe in a moisture-saturated atmosphere. Silica flour was added to the slurry during the manufacture of th ese pipes to facili tate th e chemical reactions resulting from steam curing. The 4-in. pipes were cured by submersion in water 2 to 3 weeks, the damp curing process ordinarily used for cement products, after which they were trimmed and machined.
According to the report of the Committee 716 of the American Concrete Institute [6] , hIgher strength properties, more stabilized form , and increased resistance to sulfate 3, re ob tainable for masonrv cement products wi th high-pressure steam curing " than by the damp curing process . It states that while high strength developed in a few hours of steam e m'ing is in part due to the acceleration of the normal process of hardening, a material contribution to strength comes from the reaction resulting in t h e formation of a hydrated calcium silicate from the lime and silica present. The more stabilized form of cement attributable to pressure steam curing results, in part, from the conversion (or partial conversion) of the amorphous calcium silicates to crystalline forms, which do not swell or shrink as much as do the amorphous forms with increase or decrease in moisture conten t. It also has been observed by the Committee that the series of compounds that are known as hydeogarnets, which re ult from steam curing of cement product , are very stable and highly resistant to the action of sulfat solutions.
The specimens buried in 1937, and for which da ta are reported for exposures up to 11 years, were cu t from class 150 pipe designed to wi thstand a pressure of 150 lb /in. 2 • The specimens were 12 in . in length , 6 in. in diameter, and had an average wall t hickness of 0.72 ± 0.05 in. Ncar one end of each of the specimens was a hole, ~{6 in. in diameter, which was used to hold an identification tag. The ends of the pipe were not sealed, and since it was t h e in.tent to limit exposure to the soil to the exterior surface, the interior surface and the ends were coated wiLh a resinous varnish.
The specimens initially buried at the arne test sites in 1939, and for which data are reported for exposures up to 9 )T ears, were 4 in. in diam eter , 15 in. long with an average wall t hickness of 0.64 :1: 0.09 in. The specimens were tapered ~}; inch es from each end and closures wer e placed at th e j unction of the tapered and untapered portions to confine the action of the so il to the external surface. These sections were also cut from class 150 pipe.
. Test Procedures
The s pecimens as periodically r emoved were returned to the laboratory for examination of their surfaces and for the determination of their r espective hydrostatic bursting strengths, . crushing strengths, wate r absorption, and apparent s pecific gravity. Five r epresentative samples from each of the 4-and 6-in. "as manufactured" pipe, which were stored at the Bureau, were subj ected to the same tests. In add ition, a section from each length of pipe from which the 4-in. diameter sp ecim ens wer e cut was subjected to these tests by the manufacL urer and th e Pittsburgh Testing Laboratory in accordance with the same procedures employed at th e Bureau . The determinations m ad e on the unexposed samples were used as reference data in determining the effect of th e various soils and periods of exposu re on the pipe materials.
In order to simulate servi ce conditions with respect to moisture, the 6-in. specimens were immersed in water fOf 48 hours before making the bursting . and crushing tests. However , the 4-in. s pecim ens were tested in the air-dry condition b ecause the reference samples had been tested in this condition. In this connec tion, it may b e noted that saturation with water redu ces the str ength of asbestos-cement pipe from 10 to 20 percen t [7] . The details of the procedures employed in evaluating th e properties of the ex posed and unexposed samples of asbestos-cement follow .
Surface Condition
The depth of softening of the surface was estimated in a semiquanti tative manner by scratching or scraping the external surface, allowing for the original co ndition of t h e outermost or calendar layers.
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Based on these observations, the condition of the surface was classified according to the following categories: 0, hardening of the calendar layers; 1, surface unchanged; 2, softening to a maximum depth of 0.06 in.; 3, softening to a maximum depth of 0.15 in. During the latter part of the investigation, quantitative measurements of the depth of affected surface layers of the exposed 6-in. diameter specimens were made by the Johns-Manville Research Center by a method recently developed by that laboratory [8] . A section of an exposed specimen was mounted in a precision lathe, and the surface layers, which had been softened by contact with the soil, were removed by grinding under carefully controlled conditions. The grinding operation was continued until the measured hardness was equal to that of unexposed reference asbestos-cement pipe. The thickness of the softened layer was then taken as the difference in thickness between the original and residual wall, as measured wi th a micrometer or by recording the movement of the graduated compound cross feed of the lathe. In measuring the hardness of the specimen, a cut was made with a tool so designed that the width of the cut varied ~ith the applied load and hardness according to the formula.
Hardness number
Applied load (g) X 1000
Width of cut (mm) X O.l .
Preliminary evaluation of softening of the specimens developed during 9 years of exposure was made on a single stave cut from each specimen, 4 in. along the length of the pipe and 2 in. in width. However, the determinations of softening of the specimens exposed for 11 years were made on four staves cut at random from each specimen.
. Hydrostatic Bursting Pressure
The 4-in. specimens were prepared for the hydrostatic bursting tests by removing the closures and the tapered ends, the length of the specimens being thereby reduced to 11 in. The 6-in. specimens required no alteration in their shape or size. The tests were made on only one specimen for each exposure period from each of the test sites, except as noted in the footnote appended to table 2.
The apparatus ( fig. 2 ) for determining the bmsting strength was provided with internally fitting rubber gasketed heads to close the ends of the pipe and so designed that the pipe was not subjected to end com pression during the test. A vent arrangement for expelling air entrapped in the pipe during test was provided at one of the h eads. The opposite h 3ad was equipped with a water and pressure inlet the pressure b eing provided from a hig.h-pressm~ hand pump. Backing up of the pressure into the inlet line was prevented by use of suitable check valves.
After filling the pipe with water, the entrapped air was allowed to escape and the pressure was increased at the rate of approximately (1 until the pipe failed. The pressure gage employed was calibrated before and after the tests for each ~xposure period, and the bursting pressures shown ill tables 2 through 5 are values obtained after applying the correction factor. The corresponding maXImum tensile stress values were calculated from the r espective bursting pressures. The minimum, or average, wall thickness along the fracture as well as the location and character of failure of each specimen were noted. l\1any specimens failed initially by splitting out of a section of the pipe at one end, following which a crack propagated from a point on this fracture along the entire length of the specimen. The others failed by cracking in one or two places simultaneously along the entire length of the specimen. In all but a few cases a crack passed through the hole, which was located near one end of the 6-in. diameter pipe to hold the identification tag. In the few cases where the crack did not pass through the hole, the bursting pressure values were not noticeably greater than those of the other specimens.
Direct comparison between the bmsting pressures of the exposed and unexposed specimens is not valid unless the variations of wall thickness and diameter are taken into account. This was accomplished by computing the maximum tensile strength according to the following modification of the Bimie [9] formula adapted to asbestos-cement pipe
where f = maximum tensile strength in pounds p er square inch P = bul'sting pressure at failure in pounds p er square inch d = intel'llal diameter in inches t = wall thickness in inches.
_ Crushing Strength
D eterminations of crushing str ength were made on lengths of pipe prepared by circumfer entially cutting in half one specimen for each exposure period from each site. The values shown in tables 2 to 5 in each case are th e averages of those obtained on two samples from each specimen . The tests were made according to the procedure described in F ederal Specifications for asbestos-cement pipe [10] , using the three-edge bearing m ethod as illustrated -in figure 3 . The load was applied to one section at a rate of approximately 1,000 lb/min until failure ------~-~-----------------------------~----------------------------------------------------------- occ urred and similarly applied to the other sec tion of the same specim en rotated through 90°. In order to take into accoun t t he normal dim ensional variations in comparing the crushin g strengths of th e exposed and 1ll1exposed specimens, the modulus of rupture of the individual specimens was calculated from the values of crushin g strength according to the formula given below. This formula, which is used generally in th e asbestos-cement industry, is obtain ed by eombining t he standard ASTM formulas for crushing tes ts for a,pplication to t he t hree-edge bearing m ethod.
Lt 2 where f = modulus of l"uptme in pounds per square inch P = load to produce failure in pounds d = internal diameter in inches t = waU thickness in inches L = l ength in inches.
Water Absorption and Apparent Specific Gravity
After completion of th e bursting and crushing tests, samples, approximately 4 in. in length and 2 in. in width, were cut from sound sections of the tested specimens for water absorption and apparent specific gravity det erminations. Air-dri ed samples were immersed in water for 24 hours and weighed in water and in air, respectively. The specimens th en were dried at 105° C until a constant weight was obtained. The p ercentage of moisture absorbed and the apparent specific gravity were calculated as follows : Water absorption (in percent)= (wet we ight in air). -(dry weight) X 100 , dry Weight Apparent specific gravity = dry weigh t (wet weight in air)-(wet weight in water ) 5 . Results
Hydrostatic Bursting Pressure and Crushing Strength
The results of hydraulic bur ting pressure and cr ushing str ength tests, ,,,hich were made .on th e 4-in . specimcns after exposure at th e test l tes fol' three periods, are given in ta?le 2. Correspondi.ng data for the reference speCImens, togeth cr WI th values for water absorption and apparcnt s pecific gr avity, are given in table 3. The le:LLel' symbo~s identifying the particular pipe from wluch the speClmens ~vere cut p ermit comparison of the strengths of the expose~l and unexposed spec~m~~s with a minimum of error du e to normal vanabdlty of the material. As was previously noted, th ese measurements were made on the specimens in th e air-dry condition.
The values for bms ling pressure and crushing stren gth of th e 6-in. specimens exposed at the test sites for four periods and the proper ties of the reference specimens are given in tables 4 and 5, r espectivel v. Unlike the determinaLions made on the 4-in .·'pipe , these were ma<;l e on w~ter-saturate~ specim ens. B ecause lhe partIcular pIpes from whIch the 6-in. specimens were cut were not identified iL is necessary to make use of th e average values given in table 5 in evaluating th e effects of exposure to lhe soils.
The data for the exposed specimens of 4-and 6-in. pipe, r ecord ed in tables 2 and 4, show that for ~he maximum exposures of 9 and 11 years th e burstlllg and cru shing strengths of the pecimens were without exception mu ch high er than the requirement~ of the F ederal Specifications for this class of matenal.
Fed eral SpecificaLions fOJ" asbestos-cement pipe [l~l require that the pipe b e testec~ under hydro.s tatlC pressure of two and one-h~lf tunes the J'!laxlmum working press ure for .the gn ren class of pIpe: For example, samples of l?lpe of class 150 are re.q~l red, to withstand a hydraulic pressure of 375 Ib /m . The specifications al so require that pipe sections. teste~l by the three-edge bearing m ethod sl?-all not fml u~tll the crushing load exceeds 4,600 Ib/lmear ft . for 6-m. pipe and 5,000 lb/linear foot for 4-in. pipe of class 150.
The effect of exposure to t he various soils is seen to somewhat better advantage in figure 4 , in which th e differences in maximum tensile stress and modulus of rupture of th e 4-in. specimens are plotted against the duration of exposure. These cur:res reve~l definite maxima which indicate that the m cr ease 1Il strenath associa'ted with the curing process is followed by a sli ght decrease, t he magnitude of which is probably associated with t he properties. of the soil. Whether the indicated trends perSIst for greater periods of exposure,or .whe.ther t~e reduction in strength tends to level off WIth tlme WIll , of course, be brought out by the data for longer exposures. Table 5 con tains the results of bursting pressure and crushing-strength tests on th e unexposed 6-in.
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Il, ... e--e , Maximum teusilo stress; 0------0, modulus of r uptu re . specimens, together with the corresponding derived values for maximum tensile strength and modulus of rupture. As previously stated, une:,posed specimens cut from t he same lengths of 6-lD. pIpe were not available. Consequently, t he effect of exposure to the soils on the strengths of the 6-in. specimens was evaluated with reference to the average values for the maximum tensile stress and modulus of rupture of the unexposed specimens recorded in table 5. Like the curves for the 4-in. specimens, those in figure 5 are characterized by maxima, followed by slight reductions in strength with increasing exposure. However no consistent trend toward progressive reductio~ in strength with duration of exposure is indicated.
In order to observe to somewhat better advantage the general behavior of asbest?s-cement ~ipe exposed to soils, the values for maXImum ten.sIle str~ngth and modulus of rupture of the 4-and 6-lD. speCImens in all of the soils were separately averaged for each period of exposure. The averages and the standard deviations 2 about these averages for each exposure period are shown graphically in figures 6 a~d 7. I?-preparing these figures , the data for t he 4-lD. Sp~CI mens were adjusted to the water-saturated condItIOn by reducing the values for maximum tensile strength and modulus of rupture by 15 percent, the average loss in strength resulting from saturation [7] . The data for the 6-in. specimens show a characteristic increase in strength during t he initial period of ' With normally distributed data, approximately 95% of the values would t heoretically be within an interval of plus or minu s two times tbe standard deviation about the mea~.
16000. _---,-----,-----.----~----,_--_, 
14000
~ 12000
...J 'i-10000
::> a:: "-10000 o Data for both materials are based on the saturated condition .
exposure, followed by a slig?t decre.ase during the remaining periods. The 4-lD. speCImens, on the other hand, increased in. strength over the greater period of exposure, tendlDg to d~CI'ease only after relatively long exposure. Except lD the case of the data for the modulus of rupture for the 6-in. pipe, t he mean values of the exposed specimens are greater than the values for the unexposed specimens. This difference in reaching maximum strength of the 4-and 6-in. specimens can be accounted for . on the basis of th e difference in the method of cunng the two classes of material. As previously stated, the 4-in . specimens were water cured, whereas t he 6-in. specimens were steam cured. Reference had been made to the fact that steam curing of concrete masonry products results in the development of th a maximum strength in a relatively short time [6) as compared with the usual method of water cunD~. Consequently, it would be expected that the ~axI mum strength of t he 6-in. steam-cured speCImens would be manifested relatively soon after exposure, and this effect is indicated by the data. The r elatively fiat curves at .somewhat lower ~evels of s.trength of the 4-in. speCImens are conslstant WIth the anticipated behavior of water-cured cement products.
The curves shown in figures 6 and 7 indicate somewhat greater average strength ?f the 6-:in.
specimens throughout the maximum pen?d for whl~h data are available. Because of the dIfferences m dimensions, composition of cement, and in th e method of fabrication of th e two varieties of pipe, th e difference in strength cannot b e ascribed solely to th e different processes of curing.
.2. Water Absorption, Apparent Specific Gravity, and Condition of Surface
The results of the determinations of water absorption and apparent specific gravity, which wer e m ade on the 4-in. specimens after exposure to t he soils, and a description of the condition of the surfaces of th e specimens are given in table 6. The differences between the amounts of water absorbed by the exposed and unexposed specimens given in the table show that almost without exception the specimens tha t had been dried and immersed in water after exposure to the soils for th e periods indica ted absorbed less water than the r eference specimens. The data furth er show that in many cases the specim ens that had b een exposed for 7 years absorbed less water than th e specimens that had been exposed for 2 and 9 years, respectively. Gain in apparent specific gravity tends to follow r eduction in moisture absorption, the changes in both properties being greatest during the intermediate period of exposure. The occurr<Jnce of these maxima are undoubtedly associated with th e curing process.
Softening of the surface of the specimens beneath the calendar layers was appreciable only at sites 60 (Rifle peat) and 67 (cinders). Even in these soils, the softening probably should be regarded as superficial , the maximum depth of softening being no greater than 0.1 5 in. The alkaline soils, 74, 65, 66, and 70, however , produced a r everse effect, the original porous and relatively soft cxternallayers of the specimens exposed to all of th ese soils having been conver ted to a material of consider able hardness.
The effect of exposure to the soils on th e water absorption capacity and the apparent specific gravity of the 6-in. specimens is indicated in table 7. In the absen ce of reference specimens cu t from the same lengths of pipe as the exposed specimens, evaluation of the effect of exposure on water absorption and apparent specific gravity is necessarily limited to comparison of the values of th ese properties for the individual exposed specimens with th e average values for th e group of r eference specimens (table 5) . There is a general decrease in water absorption during one or more of th e earlier periods of exposure. In general this effect persisted for th e maximum exposure in . 11 
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In cl'ea~c in water absorption oyer average of un exposed specimens ____ ______ ________ _____ ______________ 6. The maximum softening of both groups occurred in soil 60 , and both groups exhibited marked hardening of the surface in the alkaline soils.
In addition to the semiquantitative data on the condition of the surface recorded in table 7 , precise m easurements of the maximum depth of softening are given for the specimens 3 after exposure for 9 and for 11 years, approximately. Although these data indicate a general tendency for the depth of softening t o increase with time, the maximum softening has b een small (less than 0.15 in.) in relation to the wall thickness of the specimens (approximately 0.7 in.).
. Summary
This report summarizes the results of m easurements of the mechanical and physical properties of two varieties of asbestos-cement pipe after exposure to 15 different soils for a maximum p eriod of 11 years. Measurements of hydrostatic bursting presure and crushing strength showed that the maximum str ength of asbestos-cement pipe was not attained . until several years of exposure underground. Bursting and crushing strengLhs of the pipe samples, after exposure, were without exception higher than the r equirements of the F ederal Specifications for this class of material. There was no definite correlation b etween strength and length of expos ure indicated by the data for the different soil environments.
It is noteworthy that asbestos-cement pipe showed no appreciable deterioration in soils despite the known detrim ental effect of high acidity, alkalinity, a,nd high concentrations of sulfate ions toward concrete products.
Superficial softening occurred in some soils, but the depth of the softened layer was less than 0.15 in.
